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Total Synthesis of JSfeothilone A: The Olefin Metathssis Appro&&/ t Q 3 2 U 6 J 





. T I nis paper is dedicated to Professor Tnomas J. Katz on the occassion of his 6Dth 
birthday and in recognition of his pioneering studies on the olefin metathesis .reaction. 

Zhen Yang, Yun He, Dionisios Vourloumis, Hans Vallberg, K. C. Nicolaou* 

P] Prof. Dr. K.C. Nicolaou, Y. He, Drs. D. Vourloumis, H. Vallberg, Z. Yang 
Department of Chemistry and The Skaggs Institute of Chemical Biology 
The Scripps Research Institute 

10550 North Torrey Pines Road, La Jolla, California 92037 (USA) 

Fax: Int. code +(619) 784-2469 

and 

Department of Chemistry and Biochemistry 
University of California San Diego 
9500 Gilman Drive, La Jolla, California 92093 (USA) 
[**] This work was financially supported by The Skaggs Institute of Chemical Biology 
and the National Institutes of Health (USA). 

^4 Keywords: epothilone, total synthesis, olefin metathesis 

ied. Table Content Text 

The total synthesis of the antitumor agent epothilone A has been achieved by a highly 
convergent and flexible strategy involving olefin metathesis as a key step to form the 
macrocyclic skeleton of the target molecule. The strategy may allow the chemical 
synthesis of a library of designed epothilones for biological screening. 
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EpotMlone A is an exciting new natural product, isolated from the 

myxobactena Som**,'**— ** »• "* nove ' ^,0leeUla, areMeetUm ' . 
important biotogical properties and intriguing mechanism of action. Amongst Us 
biological properties are potent anWungai and selective cytotoxic activities.^ Its . 
mechanism of action against tumor cells has been attributed to binding and stabilization 
of microtubules!'], resembling in that respect, taxol.PI Following our recent report® on 
an olefin metathesis?! based approach towards this class of compounds, we now w,sh 
to disclose the total synthesis of epothilone A (1) by this novel strategy. 

Figure 1 shows the strategic bond disconnections that led to the convergent 
strategy ufflized in this synthesis. As one can surmise by inspection of Figure 1. the 
plan calls for the construction of the three key buiiding blocks 5, 6 and 10 (Scheme 1). 
their union and elaboration to the timbered macrocycle and final epoxidation. For 
the present approach, the olefin metathesis step and the selective epoxidation of the 
itt^ouble bond in the final step were considered, at the outset, both risky and 
crucial. 

Scheme 1 summarizes the construction of the key building blocks 5. 6 and 10. 
Thus, the synthesis of the requisite carboxyiic acid 5 commenced with the known 
ketoaldehyde W which reacted selectiveiy with Brown's allyl isopinocampheyl borane 
reagent [(^pc^ally.)]® in ether at -100 -C to afford alcoho. M 74% yield. 
Protection of this alcoho. with TBSOTf-2.6-lutidine led to the silyl ether 4 in 98% yield. 
Ozonolytic cleavage of the double bond in the latter compound. foHowed by NaC.Oz 
oxidation of the resulting aldehyde gave the targeted carboxyiic acid 5 in 75% y.eld. 
The preparation of the heterocyclic component 10 was carried out from the known 
thiazole ester 7HU by: a) reduction to the corresponding aldehyde (8) (Dibal-H. 90% 
yield); b) Wittig reaction with Ph 3 P=C(Me)CHO to afford the conjugated- aldehyde 9 
(900/c yield); and c) condrr: > - n of 9 with ( + HPC 2 B(allyO in ether at -100 «C («* 
yield).! 10 ! 

^ 2 - 



Having secured the. requisite building blocks, we then turned our attention to 
j§^- • their coupling and further elaboration. Scheme 2 depicts these final stages of the 



present total synthesis of epothilone A (1). Thus, condensation of the dianion of 5 (2.2 
equiv. of LDA, THF, -78 to -40 - C) with aldehyde 616.121 (1.2 equiv) at -78 to -40 °C 
resulted in the formation of the desired aldol product (11) as the major isomer, together 
} £ with it (w^ iastereomer in high yield and ca 2:1 ratio. Esterification of this mixture 
with the hydroxy component 10 (2.0 equiv) proceeded in t he pre s|n^e^DCC and 4- 
DMAP in toluene at 25 °C to afford compound 12 and it(iS2^iastereomer in 70% 
overall total yield!"] from ketoacid 5. The two isomers were chromatographically 
separatedgij^gel. ethyl acetateihexane (1:5). R f = 0.29 (12. 45% overall yield from 
5), 0.24<ffl5z%iiastereomer of 12, 25% yield from 5)]. and the major product (12) was 
taken forward in the synthesis as a pure isomer. Its structure was confirmed by eventual 
conversion to epothilone A (1). The olefin metathesis reaction of 12 proceeded 
smoothly in the presence of RuCl2(=CHPh)(PCy 3 )2 catalyst!™] in dilute CH 2 CI 2 solution 
at 25 e C to afford, in 50% yield, the Z-olefin 13.! 1 5] together with its E-isomer (35%) 15 . 
After chromatographic purification [silical gel. benzene:ethyl acetate:hexane (2:1:2). R f 
= 0.21 (Z-isomer), 0.45 (E-isomer)], the silyl group was removed from macrocycle 13 by 
exposure to CF 3 COOH in CH 2 Cl2 at 0 °C to afford the dihydroxy lactone 14 in 98% 
yield. Finally, selective epoxidation of the Ai2.i3-d 0 uble bond of 14 was effected with 
mCPBA in CH 2 CI 2 at 0 °C to afford epothilone A (1) in 55% yield [silica gel, 
methanol:CH 2 CI 2 (1:20). R f = 0.23], together with its 12a.13a-epoxide isomer [20% 
yield, silica gel, methanol:CH 2 CI 2 (1:20), R f = 0.16] and its regioisomer 15 [20% yield, 
silica gel. methanol:CH 2 CI 2 (1:20). R f = 0.22, stereochemistry unassigned]. 
Chromatographically purified synthetic epothilone A (1) exhibited identical properties 
OH and "a NMR. Mass spec. [a] D . TLC and HPLC) to those of an authentic natural 
sample.! 16 ] ' * 
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The reported total synthesis demonstrates the power of the olefin metathesis 
reaction in complex molecule construction and renders epothi.one A (1) readily 
accessible. Most importantly, its brevity, convergent nature and flexibility thou* allow 
the generation of a dh,erse epothilone library for further biological investigations. In 
addition to the olefin metathesis approach reported herein, Figure 1 points to at least 
two more, distinctly different approaches to epothilones: (a) a macrolactonization 
approach; and (b) an approach in which an intramolecular a.dol reaction may play the 
crucial role of constructing the macrocyclic skeleton. These and other strategies 
towards these compounds are currently under investigation in these laboratories.!".^ 
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74.5. 73.4, 53.9, 41.2. 40.1. 37.4. 35.4, 34.1. 32.3, 26.0. 25.9. 21.9, 19.9, 19.2. 
18.1, 15.2. 14.6, 9.7, 4.3, -4.9; HRMS calcd for C^NOsSSi (M+Cs*): 
752 2781 found: 752.2760. 13: R< = 0.21 [silica gel, ethyl acetate : benzene : 
hexanes (1:2:2)]: [a] e - -97 (c = 0.2. MeOH): IR (film): 3456 (br. OH). 1739 
(C(O)O). 1692 (COC); 1 H NMR (500 MHz. CDCI 3 ): 8 = 6.94 (s. 1 H. -C=CH-S-), 
6.56 (s, 1 H, -C=CH-C=). 5.45 (dd. 1 H, J,= 10.5 Hz, J 2 = 3.0 Hz, -CH=CH-CH r ). 
5.35 (m, 1 H. -CH=CH-CH r ), 5.02 (d. 1 H, J =10.0 Hz, -0-CH-). 4.06 (dd, 1 H, J, 
=7.0 Hz. J 2 =5.5 Hz, -C(CH 3)2 -CH-), 3.94 (bt. 1 H. -CH(OH)-). 3.05 (dq, 1 H. J f 
=3.0 Hz. S 2 =6\5 Hz. -C(0)-CH(CH 3 )-), 3.00 (bs. 1 H, -OH), 2.82-2.78 (m. 2 H), 



2.78-2.69 (m, 1H), 2.71 (s, 3 H, -S-C(CH 3 )=N-), 2.40-2.30 (m, 1 H), 2.10 (s, 3 H, - 
C(CH 3 )=CH-C=), 2.10-2.00 (m, 1 H), 1.99-1.90 (m. 1 H), 1.75-1.65 (m, 1 H), 1.7- 
1.50 (m. 24H). 1.45-1.35 (m, 1 H), 1.21 (m. 1 H, -CH(CH 3 )-CH2-CH 2 -). 1.17 (s. 6 H. 
-C(CHa)r). 1.14 (d. 3 H, J = 5.0 Hz. -C(0)-CH(CH 3 )-). 1.02 (d, 3 H. J -5.0 Hz. - 
CH(CH 3 )-). 0.82 (s. 9 H. -SiCtCH^CHjJj). 0.12 (s. 3 H. -SiCfCHatfC^M. 0.05 
(s, 3 H. -SiC(CH 3 ) 3 (CH 3 )2); 13 C NMR (125 MHz. CDCI 3 ): 5 = 218.1. 170.9. 164.7. 
138.2. 134.7. 124.0. 119.6. 119.4. 116.0. 79.0, 76.3, 73.2. 53.5, 43.0. 39.1. 38.8. 
33.6, 31.9, 28.4, 27.8, 26.1, 24.8. 22.9, 19.2, 18.6, 16.5, 15.3, 14.1. -3.6. -5.5; 
HRMS calcd for C^NOsSSi (M +Cs*): 724.2468. found: 724.2479. 1: R, = 0.23 
[silica gel, MeOH : CH 2 CI 2 (1:2)]; HPLC [Watrnan EOC. C-18, 4 ^ 108 x 4.6 mm 
column, solvent gradient 0->20 min. 30-»80 % MeOH in H 2 0, R, = 14.8 min; [a] D 
= -45.0 (c = 0.02, MeOH); 1 H NMR (500 MHz. C 6 D 6 ): 8 = 6.78 (s, 1 H, -C=CH-S-), 
6.52 (s, 1 H, -C=CH-C=). 5.52 (dd. 1 H. J,* 6.0 Hz. J 2 = 2.0 Hz. -O-CH). 4.24 (d. 1 
H, J =10.0 Hz. -CH(OH)-). 3.86 (m. 1 H,-CH(OH)), 3.81(bs, 1 H, -OH). 3.10 (m. 1 
H, -CH 2 -CHO-). 2.84 (m. 1 H, -C(O)-CH-). 2.67 (m, 1 H, -CH r CHO-), 2.49 (dd, 1 
H, J, = 11.0 Hz, J 2 =14.5 Hz. -OOC-CH r ). 2.27 (s, 3 H, -S-C(CH 3 )=N-), 2.24 (dd, 
1 H, J f = 14.5 Hz, J 2 = 3.5 Hz, OOC-CHz-). 2.11 (s, 3 H, -C(CH 3 )=). 1.92 (m. 1 H. - 
CH 2 -CHO-). 1.84 (m, 1 H, -CH r CHO-). 1.74 (m, 1 H). 1.57 (m, 1 H), 1.27-1.42 (m. 
5 H), 1.11 (d, 3 H, J= 7.0 Hz, -C(0)-CH(CH 3 )-). 1.09 (s. 3 H, -C(CH 3 )2-), 1.03 (s. 
3H. -C(CH 3 h-). 1.01 (s, 3H. -CH(CH 3 H= 13 C NMR (125 MHz. C 6 D 6 ): 5 218.7. 
169.9, 164.1, 152.6, 137.2, 119.5. 119.3, 76.3, 74.8, 73.1. 56.9, 53.9, 52.6, 43.4. 
38.8, 36.0, 31.4, 30.0, 27.0, 23.6. 20.8. 20.2, 18.4. 17.0. 15.4, 14.3; HRMS calcd 
for C 26 H 39 N0 6 S (M+Cs*): 626.1552. found: 626.1551. 

All new compounds exhibited satisfactory spectral and analytical and/or exact 
mass data. SstflHd sen-tno^ utfK AiKiM^- 
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Schems 1. Synthesis of building blocks 5, 6 and 10. s. 1,1 oqulv. of 
(^HPCjB{slly!). Et 2 O f -100 -C, OS h, 74%; b. 1.1 •quhr. of TBSOTf, 1,2 
equhr. of 2,6-Jutidint, CHjOa, 25 *C 1 h, 98%; c 0* CH^O* -78 *C, 0.5 h; 
thonoxctss Ph,P, -78 to 25 *C 1 h, 82%; d. 3 *qulv. of NaCIO* 4 #qulv. of 
2-methyl-2-butene f 1.5 •quhf. of NaH^PO* feuOHrHjO (5:1), 25 2 h, 
93%. «. 1.1 oquhr. of DIbsJ-H, CHjOj, -78 *C OJ h, 90%; 1. 1.1 equlv. of 
PhjP-C(iyie)CHO t bmam, 80 -C, 1 h, 90%; 9- 1.1 of (♦HPC*B(sllyl), 
EtjO, -100 *C, 0.5 h, 96%. TBS « f^butytdimethylsllyl; Ipc^sllyt) « 
d&soplnocsfnpnsylaMyl borv*. 
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Scheme 2. Synthesis of .pothllon. A (1): «. i2 equiv. of LDA, THF -78 to -40 
•C. 03 h; then 1.2 equ*. of 6 In THF. -7$ to -«0 *C, OS h, high yield of 11 and 
Its 6S.7Mtosteromer; b. 2.0 equlv. of 10. IS equiv. of DCC. ^S equiv.of 
4-DMAP, toluen* 25 -C 12 h. 12 (45% over»U yield P'"« 
ES.7Mi«sterom.r of 12 (25% ovf»n yield from 5); c 12 (0X06 M in 
CH^ 15 mol % Of RuCW-CHPhXPCyife 25 -C, 8 
4 'W« Item of 13 (35%); d. CF 3 COOH (20% by volume), ^0*0 C.4 
h 98%; e. 1.1 equtv. of mCPBA, benzene. 0 -C. 20 h. 1 (55%), plus 
12o.13a-epoxlde (20%). plus reojoisomerte epoxide 15 (20%). LDA - lithium 
diisopropytemide. DCC - dicyctohexyleerbodllrnlde. 4-OMAP - 
4-dimethylsminopyridine. 
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A highly convergent and practical total synthesis of the antitumor agent epothilone A 
based on a macrolactonization strategy has been developed. The route may lead to a 
diverse library of epothilones for biological screening. 



$tl-.«:-n-. e 




O OH O 

epothllon* A 



— / ( - 



The novel molecular structures of the epothilones (e.g. epothilone A, 1, Figure 
1) coupled with their antifungal 11 - 2 ' and antitumor activities 11 "* 1 and microtubule binding 
§|£p properties 141 promise an exciting new chapter in chemistry, biology and medicine. 
5^!? particularly intriguing is the ability of these compounds to displace taxol from its binding 
site on microtubules, 141 towards which they exhibit much higher affinity 141 than taxol. 151 
An jnd j cat j 0n 0 f the intense interest in this field is the flurry of activities 161 directed toward 
their total synthesis within the relatively short time since their structural elucidation. 121 
While our first total synthesis 1611 of epothilone A (1) enjoys the benefits of the olefin 
metathesis reaction, the one we wish to report here relies on a macrolactonization 
process to construct the main ring skeleton of this target molecule. In addition, the 
reported synthesis is highly convergent and flexible so as to allow entry into a large 
library of epothilones, including epothilone B and all of the 2 6 stereoisomers of 
epothilone A (1). 

Figure 1 outlines, in retrosynthetic terms, the macrolactonization approach to 
epothilone A (1). This analysis leads to a convergent strategy by which three fragments 
(C r C 6 , C r C 12 and C 13 -C 2 i), each containing a stereogenic center, are to be 
constructed stereoselective^ via asymmetric synthesis procedures followed by their 
union and elaboration to the final target. For the coupling of these fragments, a Wittig 
reaction and an aldol reaction will be utilized, whereas the C(0)-0 bond formation is 
reserved as the macrocycle forming process in the form of a macrolactonization. It is 
important to note that the designed strategy allows for the preparation of all possible 
stereisomers of epothilone A (1) since the configuration of each stereocenter can 
easily be reversed. 

The execution of this rather simple strategy towards epothilone A (1) proceeded 

smoothly as summarized in Scheme 1. Thus, the SAMP derivative 2, obtained by 

* 

reaction of SAMP m with propionaldehyde. was alkylated with 4-iodo-1-benzyloxybutane 
r in the presence of LDA in THF at -100 °C according to the method of Enders m t. 

-/3 - 



produce compound 3 in 92% yield and >98% e.e. t8 > Cfconolysis of 3 followed by 
treatment with NaBH 4 furnished alcohol 5. via aldehyde 4, in 77% overall yield. 
Protection of the hydroxyl group in 5 as a fert-butyldimethylsilyl (TBS) ether followed by 
standard elaboration of the other end of the molecule (hydrogenolysis of benzyl ether, 
iodonation; and phosphonium salt formation) then yielded the desired fragment 9 in 

55% overall yield (from 5). 

The second requisite fragment, thiazoline aldehyde 13, was rapidly constructed 
from the thiazoline derivative 10™ by (a): silylation (TBSCI. imidazole, 99%); (b): 
selective 1,2-dihydroxylation [91 (AD-mix-p, 79%); and (c): Pb(OAc) 4 cleavage (99%). 
Generation of the phosphorane 14 from phosphonium salt 9 with sodium 
hexamethydisilylamide (NaHMDS), followed by addition of aldehyde 13 led, 
predominently. to the 2-olefin 15 in 69% yield (Z:E ca 9:1). The primary TBS group 
was selectively removed from 15 with camphorsulfonic acid (CSA) in MeOH to give 
alcohol 16 (86% yield) which was oxidized to the corresponding aldehyde (17) by the 
action of S0 3 .pyr. (82% yield). Condensation of the dilithioderivative of IS 16 " (2.6 equiv. 
of LDA, THF, -78 to -40 °C) with aldehyde 17 proceeded at -78 °C to afford a mixture of 
diastereomers (19 + 6S,7K-diastereomer, ca 1:1 to 1:2 ratio, depending on precise 
conditions) in good yield. This mixture was carried through the sequence until 
compound 21, at which stage it was separated by silica gel chromatography into its 
components. Thus, the aldol products (19 + diastereomer) were fully silylated with 
TBSOTf/ 2.6-lutidine, and the resulting mixture of fefra-TBS derivatives (compound 20 + 
diastereomer) was briefly exposed to K 2 C0 3 in MeOH to afford, after preparative TLC, 
pure carboxylic acid 21 (31% overall yield), and its 6S,7R-diastereomer (30% overall 
yield from 17) (21: Rf = 0.61. 6S,7R-diastereomer. Rf = 0.70, silica gel, 5% MeOH in 
CH 2 CI 2 ). The indicated stereochemical assigment for the slower moving isomer 21 was 
based on its succesfull conversion to macrolactone 24 t6n and epothilone A (1). 



At this stage, it was necessary to selectively deprotect the 0-15 hydroxyl croup 
for the purposes of the intended macrolactonization reaction. This task was succesfully 
accomplished with fefra-n-butylammonium fluoride (TBAF) in THF at 25 °C, leading to 
the desired hydroxy acid 22 in 78% yield. Steric hindrance at the sites of the other TBS 
groups was presumed to be responsible for this selectivity. The key ring closure of 22 
was smoothly effected under Yamaguchi conditions 1101 (2,4,6-trichlorobenzoyl chloride, 
Et 3 N, 4-DMAP, THF-toluene, 25 °C) furnishing the 16-membered ring lactone 23 in 90% 
yield. Finally, exposure of 23 to CF 3 COOH (20% by volume) in CH 2 CI 2 at 0 °C led to 
the targeted olefinic diol 24 (92% yield). The latter compound was then converted to 
epothilone A (1) by exposure to mCPBA as already described. 1611 

This expedient route to epothilone A (1) may easily be extended to epothilone B 
and to a variety of analogs of these naturally occurring compounds for biological 
investigations. Indeed, the molecular design, chemical synthesis 'and biological 
screening of such analogs should be among the next priorities in this field. 1 " 1 

Table 1 . Selected physical properties of compounds 21 , 22 and 23. 

21: Rf = 0.61 [silica gel, methanohdichloromethane (5%)]; [a] 22 D = -8.8 (c = 0.8 in 
chloroform); IR (film): 2931, 2856. 1712. 1466, 1254. 1083, 836 cm -1 ; 1 H-NMR (600 
MHz, CDCI 3 ): 5 = 6.94 (s. 1 H. -C=CH-S-). 6.61 (s. 1 H. -C=CH-C=). 5.44-5.41 (m. 2 H. - 
CH=CH-CH r , -CH=CH-CH 2 -), 4.40 (dd, 1 H, J,= 3.2 Hz, J 2 = 6.5 Hz, -(CH 3 ) 2 C -CH-), 
4.1 1 (dd, 1 H, J, = 5.9 Hz, J 2 ~ 6.5 Hz, -CH(OSi(CH 3 ) 2 f-Bu)-), 3.75 (dd, 1 H, J, = 3.0 Hz, 
J 2 = 6.5 Hz, TBSO-CH-CH(Me)). 3.12 (dq, 1H,J f = 7.0 Hz, J 2 = 6.5 Hz, -C(O)- 
CH(CH 3 )-), 2.69 (s, 3 H. -S-C(CH 3 )=N-). 2.48 (dd, 1 H, J, = 3.2 Hz, J 2 = 16.0 Hz, -CH 2 - 
COOH). 2.35 (dd,1 H, J= 6.7 Hz, J= 16.0 Hz. -CH 2 -COOH), 2.31-2.28 (m, 2 H, -CH 2 - 
CH=CH), 2.10-2.00 (m. 2 H, -CH r CH=CH), 1.95 (s, 3 H, -C(CH 3 )=CH-C=), 1.42-1.30 
(m, b r ,.> ob (s, 3 H, -C(CH 3 ) 2 -), 1.10 (s, 3 H, -C(CH 3 ) r ), 1.06 (d, 3 H, J = 7.0 Hz, - 



C(0)-CH(CH 3 )-). 0.90-0.85 (m. 30 H, -C(0)-CH(CH 3 )-, 3 x -Si^CH^CH.h), 0.12 (z. 3 
H, -SiC(CH 3 ) 3 (CH 3 ) 2 ), 0.09*. 3 H. -SiC(CH 3 ) 3 (CH3 )2 ). 0.07 (s. 3 H. -SiC(CH 3 ) 3 (CH 3)2 ), 
0.05 (s, 3 H, -SiC(CH 3 ) 3 (CH 3 ) 2 ).0.04 (s. 3 H, -SiCtCH^CH.h). 0.03 (s. 3 H. - 
SiC(CH 3 ) 3 (CH 3 ) 2 ); 13 C-NMR (600 MHz. CDC« 3 ): 6: 218.2, 176.1 . 164.9. 152.7, 142.8. 
131 4, 126.0. 1 18.5, 114.7. 78.7. 73.3. 53.7. 44.7. 40.0. 39.0. 34.7. 30.8, 28.0. 27.8. 
26 2 26.0. 25.8. 23.6, 19.0. 18.8, 18.5. 18.2. 17.2. 15.8. 13.8. -3.8. -3:9. -4.2, -4.6. -4.7. 
-4.9; HRMS calcd for C^NOeSSi, (M + Cs*); 970.4303. found: 970.4318. 
22- R f = 0.40 [silica gel. methanolidichloromethane (5%)]; [a] 22 ^ -19.2 (c - 0.1 in 
chloroform); IR (film): 3358 (b, OH). 2932. 2857. 1701. 1466, 1254, 1088, 988. 835; <H 
NMR (600 MHz, CDCI 3 ): 8 = 6.95 (s. 1 H. -C=CH-S-). 6.61 (s. 1 H. -C=CH-C=)..5.58- 
5 54 (m. 1 H. -CH=CW-CH r ). 5.43-5.39 (m. 1 H. -C^CH-CH 2 -). 4.39 (dd, 1H, J, - 3.9 
Hz. J 2 = 6.7 Hz, -(CH 3 ) 2 C -CH-). 4.18 (dd. 1 H. J f - 5.0 Hz, J 2 = 7.5 Hz, -CH(OH)-). 3.78 
(dd, 1 H, Jf = 3.0 Hz, J 2 = 6.9 Hz. -SiO-Ctf-CH(Me)), 3.1 1 (dq. 1 H. J, = 6.9 Hz, J 2 = 6.7 
Hz, -C(0)-CH(CH 3 )-). 2.70 (s. 3 H. -S-C(CH 3 )=N-). 2.43 (dd. 1 H, J, = 3.9 Hz, J 2 = 16.2 
Hz. -CH 2 -COOH), 2.40-2.35 (m, 2 H. -CH 2 -CH«), 2.35 (dd, 1 H, J, = 6.7 Hz, J 2 = 16.2 
Hz, -CH 2 -COOH). 2.15-2.10 (m. 1 H. -CH 2 -CH=). 2.00 (s. 3 H. -C(CH 3 )=CH-C=). 1.99- 
1.95 (m, 1 H. -CH 2 -CH=), 1.48-1.30 (m, 5 H), 1.18 (s, 3 H, -C(CH 3 ) 2 -), 1.08 (s. 3 H, - 
C(CH 3 ) 2 -), 1.05 (d. 3 H. J = 6.7 Hz. -C(0)-CH(CH 3 )-). 0.89-0.84 (m. 21 H, -C(O)- 
CH(CH 3 )-. -SiC(CH 3 ) 3 (CH 3 ) 2 ). 0.09 (s. 3 H. -SiC(CH 3 ) 3 (CH 3 ) 2 ). 0.05 (s, 3 H, - 
SiC(CH 3 ) 3 (CH 3 ) 2 ). 0.04 (s. 3 H. -SiC(CH 3 ) 3 (CH 3 ) 2 ). 0.03 (s. 3 H, -SiC(CH 3 ) 3 (CH 3 ) 2 ) : 13 C- 
NMR (600 MHz, CDCI 3 ): 6: 218.9, 175.4, 166.3, 152.8, 134.4, 125.7, 119.5, 115.9, 
74 4 74.3, 54.7, 45.5. 40.9. 40.0. 34.3. 31.9. 30.6. 28.9. 28.8. 27.0. 26.9, 24.4, 22.0, 
21.4, 20.0. 19.6. 19.3. 19.1. 17.9. 17.1. 15.5. 8.6. -2.9. -3.1, -3.3. -3.8; HRMS calcd for 
C 38 H 69 N0 6 SSi 2 (M + Cs*); 856.3439. found: 856.3459. 

23: R f = 0.37 [silica gel. hexane : ether (2:1); [of D = -22-9 (c = 0.3 in chloroform); IR 
(film): 2926. 2854. 1734. 1693. 1463. 1381. 1252. 1099, 829; 1 H-NMR (500 MHz. 
CDCI 3 ): 8 = 6.98 .(s, 1 H, -C^H-S-). 6.58 (s. 1 H, -C=C! I-C=). 5.53 (m, 1 H. -CH=CH- 



CH r ), 5.43-5.34 (m, 1 H, -CH=CH-CH r ), 5.00 (d, 1 H, J = 6.0 Hz, -O-CH), 4.03 (d, 1 H, 

j = iu.u nZ, -un(un)-), o.o^ v u » 1 1 * " • w< '\ w< •'/» — • - — v » - * ' 

CH-), 2.85 (d, 1 H, J = 15.0 Hz, OOC-CH^), 2.72'(s, 3 H, -S-C(CH 3 )=N-), 2.66 (dd. 1 H, 
J, = 15.0 Hz, J 2 = 10.0 Hz, OOC-CH r ), 2.42-2.31 (m, 2 H), 2.11 (s, 3 H, -C(CH 3 )=), 
1.92-1.83 (m, 1 H), 1.66-1.38 (m, 4 H), 1.20 (s, 3 H, -C(CH 3 ) r ), 1.16 (s. 3 H, -C(CH 3 ) 2 , 
1.09 (d. 3 H, J = 7.0 Hz, -C(0)-CH(CH 3 )-), 0.95 (d, 3 H, J = 7.0 Hz. -CH(CH 3 )-), 0.94 (s, 
9 H, -SiCtCHsMCHsM. 0.85 (s, 9 H, -SiC(CH 3 ) 3 (CH 3 ) 2 ), 0.12 (s, 3 H, -SiC(CH 3 ) 3 (CW 3 ) 2 ), 
0.10 (s, 3 H, -SiC(CH 3 ) 3 (CH 3 ) 2 ), 0.08 (s, 3 H, -SiC(CH 3 ) 3 (CH 3 ) 2 ), -0.10 (s, 3 H, - 
SiC(CH 3 ) 3 (CH 3 )2). 13 C-NMR (600 MHz, C 6 D 6 ): 8: 215.0. 171.3, 135.1. 122.7, 79.5, 76.4, 
53.3, 48.0, 38.8. 31.7, 29 ; 7, 29.2, 28.4, 26.4, 26.2, 26.1, 25.0, 24.2, 19.1, 18.7. 18.6, 
17.7, 15.3, -3.1, -3.2, -3.7, -5.8; HRMS calcd for C 38 H67N0 5 SSi2 (M + H*); 706.4357, 
found: 706.4382. 
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Scheme 1. Total synthesis of epothilone A (1): a. 1.1 equiv. of LDA, THF. 0 °C. 8 h; 
then 1.5 equiv. of 4-iodo-1rbenzyloxybutane in THF, at -100 to 0 °C, 6 h, 92%; b. O3, 
CH2CI2, -78 °C. 77%; c. 3.0 equiv. of NaBhU, MeOH, 0 °C, 15 min, 98 %; d. 1.5 
equiv. of TBSCI, 2.0 equiv. of Et 3 N, CH 2 CI 2 . 0 °C to 25 °C, 12 h, 95%; e. H 2 , Pd(OH) 2 
cat., THF, 3 h, 25 °C, 70%; f. 1.5 equiv. of l 2 , 3.0 equiv. of imidazole, 1.5 equiv. of 
Ph 3 P, Et 2 0/CH 3 CN [3 : 1], 0 °C, 0.5 h, 91%; g. Ph 3 P, neat, 100 °C. 2 h, 86%; h. 1.5 
equiv. of TBSCI, 2.0 equiv. of imidazole, THF, 0 to 25 °C, 1 h, 99%; i. 2.4 g/mmol of AD- 
mix-p, *-BuOH/H 2 0 [1 : 1], 25 °C. 8 h, 79%; j. 1.1 equiv. of Pb(OAc)4, EtOAc, 0°C, 10 
min, 99%; k. 1.2 equiv. of 9, 1. 2 equiv. of NaHMDS, THF, 0 °C, 0.25 h, then add 1.0 
equiv. of aldehyde 13, 0 °C, 15 min, 69% (Z : E ca. 9:1); I. 1.0 equiv. of CSA 
portionwise over 1 h, CH 2 CI 2 /MeOH [1 : 1], 0 °C, then 25 °C, 0.5 h, 86%; m. 2.0 equiv. 
of S0 3 .pyr., 10.0 equiv. of DMSO, 5.0 equiv. of Et 3 N, CH 2 Cl2, 25 °C, 0.5 h, 82%; n. 
3.0 equiv. of LDA, THF, 0 °C, 0.25 h; then .1.2 equiv. of 18 in THF, -78 to -40 °C, 0.5 h, 
then 1.0 equiv. of 17 in THF at -78 °C, high yield of 19 and its 6S,7/?-diasteromer (ca. 1 
: 1 ratio); o. 3.0 equiv. of TBSOTf, 5.0 equiv. of 2,6-lutidine, CH 2 CI 2 , 0 °C, 2 h; p. 2.0 
equiv. of K 2 C0 3l MeOH, 25 °C, 15 min, 31% of 21 and 30% of its 6S,7R-diasteromer 
from 17; q. 6.0 equiv. of TBAF, THF, 25 °C, 8 h, 78%; r. 5 equiv. of 2.4,6- 
trichlorobenzoylchloride, 6.0 equiv. of Et 3 N, THF, 25 °C, 15 min, then add to a solution 

of 10.0 equiv. of 4-DMAP in toluene (0.002 M based on 22). 25 °C, 0.5 h, 90%; s. 20% 
CF 3 COOH [by volume] in CH 2 CI 2 . 0 °C, 1 h, 92%. LDA = lithium diisopropylamide; 4- 

DMAP = 4-dimethylaminopyridine; TBS - fert-butyldimethylsilyl; NaHMDS = sodium 
hexamethyldisilylamide; DMSO = dimethylsulfoxide; Tf = triflate. 
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Scheme 1. Total synthesis of epothilone A (1): a. 1.1 equiv. of LDA, THF, 0 °C, 8 h; 
then 1.5 equiv. of 4-iodo-1:benzyloxybutane in THF, at -100 to 0 °C, 6 h, 92%; b. O3, 
CH2CI2. -78 °C, 77%; c. 3.0 equiv. of NaBH4, MeOH, 0 °C, 15 min, 98 %; d. 1.5 
equiv. of TBSCI, 2.0 equiv. of Et3N, CH2CI2, 0 °C to 25 °C, 12 h, 95%; e. H 2 . Pd(OH)2 
cat., THF, 3 h, 25 °C. 70%; f. 1.5 equiv. of I2, 3.0 equiv. of imidazole. 1.5 equiv. of 
Ph3P, Et20/CH3CN [3 : 1], 0 °C, 0.5 h, 91%; g. Ph3P, neat, 100 °C. 2 h, 86%; h. 1.5 
equiv. of TBSCI, 2.0 equiv. of imidazole, THF, 0 to 25 °C, 1 h, 99%; i. 2.4 g/mmol of AD- 
mix-p, f-BuOH/H20 [1 : 1]. 25 °C, 8 h, 79%; j. 1.1 equiv. of Pb(OAc)4. EtOAc, 0°C. 10 
min, 99%; k. 1.2 equiv. of 9, 1. 2 equiv. of NaHMDS, THF, 0 °C, 0.25 h, then add 1.0 
equiv. of aldehyde 13. 0 °C, 15 min, 69% (Z ; £ ca. 9 : 1); I. 1.0 equiv. of CSA 
portionwise over 1 h. CH 2 Cl2/MeOH [1 : 1], 0 °C, then 25 °C, 0.5 h, 86%; m. 2.0 equiv. 
of SOs.pyr., 10.0 equiv. of DMSO, 5.0 equiv. of Et3N, CH2CI2, 25 °C, 0.5 h, 82%; n. 
3.0 equiv. of LDA. THF. 0 °C. 0.25 h; then 1.2 equiv. of 18 in THF, -78 to'-40 °C, 0.5 h. 
then 1 .0 equiv. of 17 in THF at -78 °C, high yield of 19 and its 6S,7rt-diasteromer (ca. 1 
: 1 ratio); o. 3.0 equiv. of TBSOTf, 5.0 equ'rv. of 2,6-lutidine, CH2CI2, 0 °C. 2 h; p. 2.0 
equiv. of K2CO3. MeOH. 25 °C, 15 min, 31% of 21 and 30% of its 6S,7R-diasteromer 
from 17; q. 6.0 equiv. of TBAF, THF, 25 °C. 8 h. 78%; r. 5 equiv. of 2,4,6- 
trichlorobenzoylchloride, 6.0 equiv. of Et3N, THF, 25 °C. 15 min, then add to a solution 

of 10.0 equiv. of 4-DMAP in toluene (0.002 M based on 22), 25 °C, 0.5 h. 90%; s. 20% 
CF3COOH [by volume] in CH2CI2, 0 °C, 1 h, 92%. LDA = lithium diisopropylamide; 4- 

DMAP = 4-dimethylaminopyridine; TBS = terf-butyldimethylsilyl; NaHMDS = sodium 
hexamethyldisilylamide; DMSO = dimethylsulfoxide; Tf = trrflate. 
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Figure 1. Structure and retrosynthetic analysis of epothilone A (1). 
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Sch.m. 1. ToUl synthuis of apothllona A (1): «- 1.1 aqulv. of LDA. THF, 0 C, 8 h; than 
1 .5 .qulv. of 44odo-1-ba«yloxybutana In THF, at -100 to 0 °C. 6 h, 92%; b. O,, CHjCja. 
-78 °C, 77%; e. 3.0 .qulv. of NaBH* MaOH. 0 °C 15 mln, 88 %; A 1.5 aquhr. of TBSO, 
2.0 .qulv. of EtgN, CHjCI* 0 »C to 2S »C, 12 h. 85%; Hj, Pd(OH), cUTHF, 3h. 25 
°C 70%- f 1.5 aqulv. of I*. 3.0 aqulv. of imldazola, 1.5 aqulv. of Ph,P. EtjQTCHjCN [3 : 
1].'o »C, 0.5 h, 91%; 9- «bP. na.1 100 «C. 2 h, 86%; h. 1.5 .qulv. of TBSCL 2.0 i .qulv. of 
Imldazola, THF, 0 to 25 °C, 1 h, 99%; L 2A o/mmol of AMnU-A , BuOH/H 2 0 [1 : 1J, 25 
°C. 8 h. 79%; J. 1.1 aqulv. of PbCOAc).. EtOAe. 0°C, 10 mln, 99%; k. 14 aqulv. of 9, 1. 2 
•qulv. of NaHMDS, THF, 0 »C. 045 h, than add 1.0 aqulv. of aldahyda 13, 0 C, 15 mln, 
69%(2:£ea.9:1);L1.0aqulv.of CSA portlonwlaa ovar 1 h, CHjCVMaOH [1 : 11 0 
°C, than 25 °C, 0.5 h, 86%; m. 2J> aquhr. of SO^pyr.. 10.0 aqulv. of OMSO, 5.0 aqulv. of 
EtjN, CKjO,. 25 °C. 0.5 h. 82%; n. 3.0 aqulv. of LDA, THF, 0 "C, OAS h; than 14 aqulv. 
of 18 In THF, -78 to -40 °C. 0.5 h. than 1.0 aqulv. of 17 In THF at -78 °C. hlph ylald of 
19 and It* 6S,7/Wla«taromar (ea. 1 : 1 ratio); o. 3.0 aqulv. of TBSOTf. 5 J) aqulv. of 
2,Mutidina, CH,©* 0 »C. 2 h; p. 2.0 .qulv. of KfiO* M.OH, 25 »C. 15 mln. 31% of 21 
and 30% of Ita 6S.7/Wlaataromar from 17; q. 6.0 aqulv. of TBAF. THF, 25 C, 8 n, 78%; 
r. 5 aqulv. of 2.4,f-*rt«*-«^roban»ylchlorlda, 6.0 aqulv. of EtjN, THF. 25 °C, 15 mln, 
than add to a - ' .«-0 aqulv. of 4-DMAP In toluan {".W M baaad on 22). 25 
•C. OS h, 90%j a, 20% CFiCOOH Iby volumaj In CH,a„ 0 °C, 1 h, 92%. LDA . lithium 
dllaopropylamlda; 4-DMAP « 4^lmathylamlnopyridlna; TBS ■ tart-butyldiraathyUUyt; 
NaHMDS - aodlum haxamatnyldlallylamlda; DMSO « dlmatnylaulfoxlda; Tf ■ trlfUta. 
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C. Synthesis of all possible stereoisomers at carbons 3, 5, 7, 8 and 15. 
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D. Variations of the gem-dimethyl functionality 
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E. Variations of the ring side 
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